wethers were fed SBM-containing diets than when they were fed the basal diet and also were higher ( P < .05) when wethers were fed diets containing roasted SBM than when fed the diet containing unheated SBM. Roasting time of SBM had a quadratic effect ( P < .05) on intakes of NDF, ADF, and ADIN, with the lowest intakes observed for diets containing unheated SBM or SBM roasted for 75 min and the highest intakes observed for diets containing SBM roasted for 180 or 210 min. Disappearance of ADF in the stomach (grams per day) was not affected by supplementation or roasting of SBM. Disappearance of NDF and ADIN in the stomach (grams per day) were higher ( P < . 0 5 ) when wethers were fed SBM-containing diets than when they were fed the basal diet and also were higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed those containing unheated SBM. Disappearance of NDF and ADIN in the stomach (grams per day) increased ( P < .05) linearly with increasing roasting time of SBM. Disappearance of NDF, ADF, and ADIN in the stomach (percentages of intake) were not affected ( P > .05) by supplementation or roasting of SBM. Disappearance of NDF, ADF, and ADIN in the total tract (grams per day) were higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet and also were higher ( P < .05) when wethers were fed diets containing roasted SBM rather than those containing unheated SBM. Disappearance of NDF and ADIN in the total tract (percentages of intake) followed trends similar to those expressed as grams per day. It seems that, as concentrations of NDF, ADF, and ADIN in SBM increased due to heating, disappearance of these heating indices in the total tract also increased, the greatest proportion disappearing in the stomach.
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Introduction
To maximize performance of growing and lactating ruminants, a proportion of feed protein must escape ruminal microbial degradation and be available for absorption in the small intestine. Numerous methods exist t o increase the resistance of protein in feeds such as soybean meal ( SBM) t o ruminal microbial degradation. The concept behind these methods is to lower the rate of N disappearance in the rumen but not to the extent that N becomes unavailable postruminally. Heat treatment is the most commonly used method to J. h i m . Sci. 1995. 732335-842 protect proteins from degradation in the rumen because of its efflcacy (Sherrod and Tillman, 1962; Tagari et al., 1962; Plegge et al. 19851 , costeffectiveness, safety, and ease of application. However, excessive heating can render a fraction of the protein indigestible (Van Soest, 1982) , and, consequently, decrease its biological value. However, the point a t which the negative effects of heating outweigh the beneficial effects remains undefined.
In a companion paper, Demjanec et al. (1995) evaluated the effects of extent of heating (roasting at 165°C for 75, 150, 180, or 210 min) on ruminal degradation of SBM protein and the quality of the undegraded fraction of that protein in terms of the availability of its N and amino acids to intestinal digestion by wethers. Their results indicated that linearly with increased roasting time and maximum quantities of N and amino acids (from SBM origin) disappeared from the small intestine when wethers were fed SBM roasted at 165°C for 150 min. The objective of this study was to explore the relationship between the extent of heating (roasting time) of SBM and both ruminal and postruminal digestion of artifacts of heating (i.e., NDF, ADF, and ADIN) by wethers.
Experimental Procedures
Animals, diets, sampling procedures, and analytical procedures used in this report are all described in the companion paper (Demjanec et al., 1995) . Likewise, procedures for statistical analyses of data reported here were identical t o those used by Demjanec et al. ( 1995) . The previous paper emphasized data regarding digestion of N and amino acids; the current report focuses on data on OM digestion and disappearance of artifacts or indices of heat application (i.e., NDF, ADF, and ADIN) from the gastrointestinal tract. Tabulated values are least squares means.
Results and Discussion
Heating Indices. Neutral detergent fiber concentration of SBM increased by 86, 405, 610, and 635% for SBM roasted for 75, 150, 180, and 210 min, respectively, compared with NDF content of unheated SBM (Table 1 j . Acid detergent fiber of SBM was similar for unheated SBM and SBM roasted for 75 min but increased by 126, 133, and 295% for SBM roasted for 150, 180, and 210 min, respectively, compared with unheated SBM. Thomas et al. (1988) observed that NDF increased from 15.1 to 21.2% and ADF increased from 10.7 to 14.7% when corn was steam-treated for 20 min. In contrast, when raw whole soybeans were roasted at 165°C and rolled, NDF and ADF concentrations were similar for unroasted and roasted soybeans (Faldet et al., 1991) . Ganesh and Grieve (1990) reported a decrease in NDF content of roasted and rolled soybeans despite a 50% decrease in N solubility. The absence of response (Faldet et al. 1991) or the decrease in NDF and(or) ADF (Ganesh and Grieve, 1990 ) was attributed to the loss of different proportions of soybean hulls due to shattering during roasting or rolling.
Nitrogen concentration in the SBM fed in this experiment averaged 8.3% (Table l ) . Ground ( l -m m ) SBM samples increased in ADIN from 1.6 to 28.0% of total N as roasting time increased from 0 to 210 min. Unground SBM samples increased in ADIN from 2.7 to 38.9% of total N over the same range of roasting. Measured ADIN concentration always was higher for unground than for ground samples, with the greatest difference observed for samples heated for 180 or 210 min. The higher ADIN content of the unground SBM is due to the decreased surface area of the sample subjected to ADIN analysis. These data emphasize the importance of defining the nature of the preparation of samples before analysis if ADIN is to be used as an indicator of effects of heating. Results of other researchers indicated values for ADIN (percentage of total N ) in unheated SBM to range from 1.8 (Clark et al. 1987 ) to 4.6% (Loerch et al., 1983) . This range may be explained by variation in particle size as shown in Table 1 . The concentrations of ADIN (Table  1) in the unground samples (fed to wethers) are quite close to the target ADIN concentrations of 5 , 15, 25, and 35% of total N that were established for the roasted SBM.
Residual N remaining following acid detergent extraction is considered to be an estimate of how much N has become insoluble from the Maillard reaction.
This reaction involves polymerization of condensed amino groups from amino acids with carbonyls from reducing sugars into a lignin-like matrix reflected by increased NDF and ADF fractions. Goering and Van Soest ( 19 7 2) suggested ADIN as a sensitive assay for artifact lignin formed form the non-enzymatic browning reactions occurring between reducing sugars and free amino groups when feeds are heated. Developed for fibrous feeds, ADIN might be used to estimate heat damage in many protein sources (e.g., SBM). The major portion of protein in soybeans is in the form of globulins and albumins, with lesser amounts of glutelins and prolamins. Because globulins and albumins are more sensitive to heat denaturation, prolonged heating will increase the fraction of insoluble N, NDF, and ADF as Maillard products are formed.
Digestion of Organic Mutter. Daily OM intake, flows, and digestion in various segments of the gastrointestinal tract are presented in Table  2 .
Organic matter intake was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (1,575 vs 1,509 g/d, respectively). Organic matter flows to duodenum or ileum were not affected ( P > .05) by supplementation or roasting of SBM. Apparent and true OM digestion in the stomach were not influenced ( P > .05) by diet. Results of Illg et al. ( 1991) also indicated that true OM digestion in continuous cultures of ruminal contents was not different ( P > .05) between diets containing raw or roasted soybeans. Apparent OM digestion in the small intestine was not affected ( P > .05) by adding SBM to the basal diet or by increasing roasting time of SBM. A quadratic effect ( P < .05 1 due to increasing roasting time of SBM was detected for OM digestion in the hindgut (grams per day). Digestion of OM decreased when wethers were fed diets containing SBM roasted for 75 and 150 min and then increased when wethers were fed diets containing SBM roasted for 180 and 210 min. Table 3 .
Neutral detergent fiber intake was higher ( P < .05) aRoasting temperature = 165°C. ktandard error of the mean for n = 6.
'Basal diet vs diets containing SBM ( P < .05). dQuadratic effect of roasting time ( P < .05).
aRoasting temperature = 165°C. bStandard of the mean for n = 6.
'Basal diet vs diets containing SBM ( P < .05). dunheated SBM diet vs diets containing roasted SBM ( P < .05) eLinear effect of roasting time ( P < ,051.
fQuadratic effect of roasting time ( P < ,051.
when wethers were fed SBM-containing diets than when they were fed the basal diet (765.3 vs 597.3 g/d, respectively) and also was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the unheated SBM diet (794.9 vs 647.0, respectively). Roasting time of SBM had a quadratic effect ( P < .05) on NDF intake. Intake of NDF increased the most (140.8 g/d) when roasting time of SBM was increased from 75 t o 150 min, whereas the increase in NDF intake was minimal when roasting time was increased from 150 to 180 min or from 180 to 210 min (35.0 and 70.0 g/d, respectively). Intake of NDF by wethers fed the diet containing SBM roasted for 210 min was 206.5 g/d higher than NDF intake by those fed the unheated SBM diet. The increase in NDF intake due to increasing roasting time of SBM can be explained by results of Table 1 , which indicated that NDF concentration in SBM increased with roasting time. The residue remaining following NDF extraction contains largely cellulose, lignin, and hemicellulose. Less-soluble cell wall proteins and heat-denatured cytoplasmic and chloroplastic proteins also can contribute to NDF (Van Soest, 1982) . Thus, the increase in NDF intake is reflective of greater quantities of these components becoming part of the NDF fraction of SBM as roasting time increased.
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HUSSEIN ET AL. Duodenal NDF flows showed a quadratic response ( P < . 0 5 ) to increasing roasting time of SBM. Daily NDF flows to the duodenum of wethers fed the diet containing SBM roasted for 210 min was 96.9 g higher than NDF flow to the duodenum of those fed the unheated SBM diet. Digestion of NDF in the stomach was higher ( P < .05) when wethers were fed SBMcontaining diets than when they were fed the basal diet (350.3 vs 212.0 g/d, respectively) and also was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed diets containing unheated SB,M (377.6 vs 241.1 g/d, respectively). Increasing roasting time of SBM increased ( P < .05) NDF digestion in the stomach (gramdday) linearly. Digestion of NDF in the stomach (percentage of intake or percentage of digestion in the total tract) was not affected ( P .05) by supplementation or roasting of SBM and averaged 43.9 and 67.2%, respectively.
Ileal NDF flows were not affected ( P > .05) by diet and averaged 289.5 g/d. Digestion of NDF in the small intestine was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (133.9 vs 53.8 g/d and 30.2 vs 13.8% of NDF entering the small intestine, respectively).
A quadratic response ( P < .05) to increasing roasting time of SBM was observed for NDF digestion in the small intestine (gramdday or a percentage of intake). Extending roasting time of SBM to 210 min increased NDF digestion in the small intestine as grams per day (by 130.5%) and also as a percentage of intake (by 76.0%). Hindgut digestion of NDF (gramdday) was not affected ( P > .05) by supplementation or roasting of SBM. Wethers fed the basal diet had higher ( P c: .05) NDF digestion in the hindgut than those fed SBM-containing diets (13.6 vs 3.6% of intake and 24.4 vs 5.2% of NDF digested in total tract). Total tract digestion of NDF was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (512.1 vs 350.0 g/d and 66.2 vs 58.7% of intake, respectively) and were higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the diet containing unheated SBM (547.5 vs 370.7 g/d and 68.4 vs 57.7% of intake, respectively). Extending roasting time also increased ( P < .05) total tract NDF digestion (grams/ day or a percentage of intake) linearly. It seems that, as the NDF fraction increased due to increasing the extent of heating, its digestibility in the total tract (percentage of intake) also increased, with the greatest proportion of digestion occurring in the stomach.
Digestion of Acid Detergent Fiber. Daily ADF intake, flows, and digestion are presented in Table 4 .
Acid detergent fiber intake was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (432.3 vs 367.6 g/d, respectively) and also was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the diet containing unheated SBM (437.3 vs 412.5 g/d, respectively). Roasting time of SBM had a quadratic effect ( P < .05) on ADF intake. Intake of ADF was similar when wethers were fed diets containing unheated SBM or SBM roasted for 75 min. Extending roasting time of SBM increased ADF intake by 3.7, 6.6, and 14.5% for diets containing SBM roasted for 150, 180, and 210 min, respectively, compared with the unheated SBM diet. The increase in ADF intake due to increasing roasting time of SBM can be explained by increased ADF content of SBM in response to extending roasting time of SBM (Table 1) . Duodenal ADF flows showed a quadratic response ( P < .05) to increasing roasting time of SBM. Despite increased ADF intake by extending roasting time of SBM, daily ADF flow to the duodenum of wethers fed diets containing SBM roasted for 75, 150, or 180 min tended to be lower than that of wethers fed the diet containing unheated SBM. Daily ADF flow to the duodenum of wethers fed the diet containing SBM roasted for 210 min was 60.5 g higher than that of those fed the unheated SBM diet. Digestion of ADF in aRoasting temperature = 165°C. bStandard error of the mean for n = 6 . 'Basal diets vs diets containing SBM ( P < .05).
dunheated SBM vs diets containing roasted SBM ( P < ,051. eLinear effect of roasting time ( P < .05). fQuadratic effect of roasting time ( P < .05).
the stomach (gramdday, percentage of intake, or percentage of total digestion) was not affected ( P > .05) by supplementation or roasting of SBM and was highly variable.
Ileal flows and fecal excretion of ADF were not influenced ( P > .05) by diet and averaged 197.9 and 186.0 g/d, respectively. A quadratic response ( P < .05)
to increasing roasting time of SBM was observed for ADF digestion in the small intestine (gramdday or a percentage of intake). Only longer roasting times (i.e., 180 and 210 min) resulted in higher ADF digestion in the small intestine. Hindgut digestion of ADF was variable, with no effects ( P > .05) of diet. Digestion of ADF in the total tract was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (245.5 vs 185.6 g/d, respectively). Increasing roasting time of SBM resulted in a linear increase ( P < .05) in total tract ADF digestion (gramdday). Digestion of ADF in the total tract (percentage of intake) was not affected ( P > .05) by supplementation nor roasting of SBM and averaged 55.3%. However, the mean value for apparent ADF digestion in the total tract (percentage of intake) was highest ( P > .05) when wethers were fed diets containing SBM roasted for 210 min. Increased yield of ADF due to heating can be accounted for by production of artifact lignin via nonenzymatic browning (Goering and Van Soest, 1970) . The indigestible protein formed through Maillard reactions is thought to be quantitatively recoverable in ADF as lignified N (Van Soest, 1982) . In this experiment, the ADF component of SBM increased across roasting time, reflecting the increase in Maillard products. The N content of ADF of forages is positively correlated with lignin content and negatively correlated with digestibility (Van Soest, 1982) .
Like the NDF fraction, the increase in ADF due to roasting of SBM (Table 1) had no negative effects on digestion of ADF in the total tract.
Digestion of Acid Detergent Insoluble Nitrogen.
Daily ADIN intake, flows, and digestion are presented in Table 5 . Acid detergent insoluble N intake was higher ( P < .05) when wethers were fed SBMcontaining diets than when they were fed the basal diet (7.0 vs 1.9 g/d, respectively) and also was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the diet containing unheated SBM (8 .O vs 2.9 g/d, respectively). Daily ADIN intake showed a quadratic response ( P < .05) to increasing roasting time of SBM. Intake of ADIN was similar when wethers were fed diets containing unheated SBM or SBM roasted for 75 min. Extending roasting time of SBM increased ADIN intake by 103, 224, and 366% for diets containing SBM roasted for 150, 180, and 210 min, respectively, compared with the unheated SBM diet. The increase in ADIN intake due to increasing roasting time of SBM can be explained by increased ADIN content of SBM in response to extending roasting time of SBM (Table l) .
Duodenal ADIN flows were higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the diet containing unheated SBM (4.5 vs 2.2 g/d, respectively). Duodenal ADIN flows also showed a quadratic response ( P < .05) t o increasing roasting time of SBM. Digestion of ADIN in the stomach was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (3.0 vs -.3 g/d, respectively) and also was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed the diet containing unheated SBM (3.5 vs .9 g/d, respectively). Digestion of ADIN in the stomach (grams/ day) increased ( P < .05) linearly with increasing roasting time of SBM. Digestion of ADIN in the stomach as a percentage of intake also was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (42.9 vs -17.2%, respectively).
Ileal flows, small intestinal digestion, and fecal excretion of ADIN (gramslday) showed quadratic ( P < .05) responses to roasting time of SBM. Digestion of ADIN in the small intestine (percentage of intake) was higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed diets containing unheated SBM (30.2 vs %l%, respectively), and the response to roasting time was linear ( P < .05). Fecal ADIN excretion (gramdday) was higher ( P < .05) when wethers were fed SBMcontaining diets than when they were fed the basal diet. There was no digestion of ADIN in the hindgut. Digestion of ADIN in the total tract (gramdday or a percentage of intake) was higher ( P < .05) when wethers were fed SBM-containing diets than when they were fed the basal diet (4.8 vs .6 gld and 61.3 vs 26.5% of intake, respectively) and also were higher ( P < .05) when wethers were fed diets containing roasted SBM than when they were fed diets containing unheated SBM (5.8 vs 1.1 g/d and 67.2 vs 38.0% of intake, respectively). Increasing roasting time of SBM increased digestion of ADIN in the total tract as grams per day (quadratic effect; P < .05) and also as a percentage of ADIN intake (linear effect; P < .05). and Yu and Thomas ( 1976) reported high negative correlations between concentrations of ADIN and apparent N digestibility. Furthermore, Van Soest (1989) stated that ADIN remains unchallenged as a simple, straightforward method for measuring bound N. However, all these reports related N digestibility of forages to their ADIN content, and little effort has been focused on nonforage proteins. Armentano et al. (1986) found that DM and N at the duodenum were equally digestible across diets containing SBM, or low or high levels of brewers dried grains, despite greater concentrations of ADIN in brewers dried grains (averaged 12.5% of total N). Britton et al. ( 1987) evaluated ADIN as a measure of indigestible N in protein supplements and indicated that recoveries of ADIN in feces were poor and ranged from 31 to 87%. Results of Armentano et al. (1986) and Britton et al. (1987) imply that ADIN as a measure of indigestible N is not adequate for high-protein supplements.
In agreement, results in Table 5 indicate that large quantities of ADIN were digested in the stomach and in the total tract despite increased ADIN concentrations in SBM with extended roasting time (Table  1 ) . The Maillard reaction characterizes changes that occur during heating of food or feed in which a sequence of chemical (,non-enzymatic) reactions leads to browning and flavor production. Mauron ( 198 1) separated the Maillard reaction into three stages (i.e., early, advanced, and final).
The early stage corresponds t o the initial condensation between the carbonyl group of the reducing sugar and the free amino group of amino acid, peptide, or protein. Rapid loss of a water molecule forms a Schiffs base, which undergoes cyclization to a N-substituted glycolsylamine. At this point, the reaction is still reversible because acid hydrolysis can convert the N-substituted glycolsylamine back t o the parent compounds (Synge, 1976; Mauron, 1981; Broderick et al., 1991) . Glycolsylamines can be stable or unstable, depending on whether they were derived from amines or amino acids, respectively. Those derived from amino acids undergo Amadori rearrangement in which immediate transamination from an aldose to a ketose sugar derivative occurs to form l-amino-l-deoxy-2-ketose. The advanced stage of the Maillard reaction includes three pathways from the degradation of the Amadori compound leading to the formation of many classes of derivatives rich in unsaturated molecules (premelanoidins and melanoidins of low or high molecular weights) that polymerize (Finot and Magnenat, 1981) . The final stage of the Maillard reaction results in the formation of the brown melanoidin pigments and involves the conversion of low-molecular-weight precursors into higher-molecular-weight melanoidin pigments.
Factors that affect rate and extent of Maillard reaction include temperature and duration of heating, moisture level, pH, reducing sugar type and its concentration, and amino acids or amino groups (Bender, 1972; Cleale et al., 1987a,b) . The temperature and duration of heating are considered t o be the most important factors regulating Maillard reaction. The nature of the amino group also affects the rate of Maillard reaction. Due t o the presence of the €-amino group, lysine is more reactive than other amino acids. Results of Demjanec et al. (1995) indicated that lysine concentration decreased with increasing roasting time of SBM. In the present study, ADIN ( a s a measure of heat damage or Maillard products formation) concentrations in SBM increased with roasting at 165°C for 75, 150, 180, and 210 min (Table 1) . Results in Table 5 indicated that large quantities of ADIN were digested in the stomach and in the total tract. Roasting of SBM for 210 min shifted the major site of ADIN digestion (percentage of intake) from the stomach to the small intestine. Despite this shift in the site of digestion of ADIN, digestion of ADIN in the total tract (percentage of intake) increased across heating times. These results suggest that Maillard products derived from roasting SBM and recovered as components of ADIN in the present study may be categorized under those reversible compounds produced during the early stages of Maillard reaction and may explain why a large proportion of insoluble protein was still susceptible to disappearance in the gastrointestinal tract (Table  5) .
Implications
Roasting soybean meal at 165°C for 75, 150, 180, or 210 min increased concentrations of heating indices (neutral detergent fiber, acid detergent fiber, and acid detergent insoluble nitrogen). However, the quantities of those heating indices that were digested by wethers increased with increasing roasting time of soybean meal, the greatest proportion of disappearance occurring in the stomach.
